Introduction {#Sec1}
============

Coronavirus disease 2019 (COVID-19) is a clinical syndrome, caused by a mutational RNA virus named as Severe Acute Respiratory Syndrome CoronaVirus 2 (SARS-CoV-2). After initially occurring in China in December 2019, it spread all over the world and accepted as a pandemic by the World Health Organization (WHO) in March 11, 2020. SARS-CoV-2, is a beta-coronavirus, similar to two other coronaviruses causing deadly infections during the last two decades, i.e. Severe Acute Respiratory Syndrome Corona Virus (SARS-CoV) and the Middle East Respiratory Syndrome Corona Virus (MERS-CoV) \[[@CR1]\].

Although SARS-CoV-2 infections may be asymptomatic or cause only mild symptoms in the majority of the cases and less lethal than MERS-CoV infections, it may progress to interstitial pneumonia and acute respiratory distress syndrome (ARDS) in nearly 10--20% of the cases, especially in those having older age and co-morbidities. This subgroup of patients is notable with having very high levels of serum ferritin and D-dimer levels, hepatic dysfunction, thrombotic tendency, and disseminated intravascular coagulation (DIC) implicating occurrence of macrophage activation syndrome (MAS), also known as secondary hemophagocytic lymphohistiocytosis (sHLH) \[[@CR2], [@CR3]\]. Similar clinical and laboratory findings were also reported in patients with SARS-CoV and MERS-CoV infections \[[@CR1], [@CR2]\].

In this context, we aimed to review COVID-19 infection, with special reference to its relationship with cytokine storm. For this purpose, PubMed and Google Academic were searched from April 11 to 26, 2020. Original data in all studies (including case reports and case series) that addressed the definition, causes, and classification of COVID-19 and hemophagocytosis, MAS, hemophagocytic lymphohistiocytosis, and cytokine storm, published in the English language in peer-reviewed journals, were included. An additional search for full-text articles with the same keywords was performed in the databases, subscribed by Altınbaş University.

Results of our search were outlined as follows: firstly we discussed the pathogenesis and immunologic features in COVID-19 infection, followed by normal interactions between innate immune system and viruses, background for cytokine storm secondary to COVID-19 infection, and finally the management of the immunologic complications.

Pathogenesis of COVID-19 infection {#Sec2}
----------------------------------

Fever, dry cough, shortness of breath, myalgia, fatigue, a tendency for leucopenia, and radiological signs of progressive pneumonia, which may cause ARDS, are similar clinical and laboratory findings seen in COVID-19, SARS-CoV, and MERS-CoV infections. This may suggest that their pathogenesis may also be similar \[[@CR2]\]. We believe that any hypothesis covering COVID-19 pathogenesis should explain very high serum levels of both ferritin and D-dimer levels disproportionate with the severity of infection, as well as a tendency for monocytosis, rather than lymphocytosis, including a low number of natural killer (NK) and cytotoxic T cells, and finally tendency for DIC. Indeed, these striking features mainly reflect the presence of MAS and cytokine storm.

Spike glycoproteins are the most immunogenic parts of the coronaviruses, which may bind to angiotensin-converting enzyme-2 (ACE-2) receptors to enter the host cell. Similarities were shown between spike glycoproteins of SARS-CoV and SARS-CoV-2. Distribution of ACE-2 receptor expression intensely on the surface of alveolar epithelial type II cells, cardiac, renal, intestinal, and endothelial cells is consistent with the target organs involved and the clinical picture in COVID-19 infection \[[@CR2], [@CR4]\].

SARS-CoV-2 spreads primarily with direct contact through droplets of saliva or discharge from the respiratory tract, when an infected person coughs or sneezes \[[@CR1]\]. Following binding to the cell surface receptor of ACE-2 by the spike glycoprotein, it enters the cell cytoplasm, where it releases RNA genome and replicates, resulting in the formation of new viral particles. Then, the cell disintegrates and the virus spreads to other cells.

As the immune system recognizes the viral antigens, antigen-presenting cells process these antigens and present them both to the natural killer and CD8-positive cytotoxic T cells in the context of major tissue histocompatibility (MHC) antigens as usual. This presentation activates both innate and adaptive immunity causing the production of large amounts of pro-inflammatory cytokines and chemokines. In some patients, this activation becomes so massive that cytokine storm develops, resulting in thrombotic tendency and multi-organ failure, and eventually causing death \[[@CR5], [@CR6]\].

Another pathogenic mechanism independent from binding to cell surface ACE-2 binding was also speculated, claiming that the virus might bind to the beta chain of porphyrins inside the erythrocytes, resulting in disturbance of heme metabolism and release of iron. However, this speculation needs further investigation and remains elusive \[[@CR7], [@CR8]\].

Immunologic features in COVID-19 infection {#Sec3}
------------------------------------------

Zhang at al. reported that the number of T lymphocytes including both CD4 and CD8 subtypes and especially NK cells are much lower than expected in patients with severe disease course \[[@CR9]\]. The number of regulatory T cells is also very low. Severe lymphopenia is a very early sign of the disease, preceding pulmonary problems, and tends to normalize as the patient improves. Lymphopenia is included among diagnostic criteria in China. Despite low numbers, both CD4 and CD8 positive lymphocytes express the high amount of HLADR4 and CD38, showing hyperactivity. Additionally, CD8 T cells harbor high concentrations of cytotoxic granules; i.e., 31.6% were perforin positive, 64.2% were granulysin positive, and 30.5% were both granulysin and perforin positive. Total leukocyte and neutrophil counts and neutrophil/lymphocyte ratio (NLR) are increased especially in severe cases; NLR may be used as a follow-up parameter in patients with COVID-19 infection \[[@CR10], [@CR11]\]. Generally, the number of CD8 T lymphocytes recovers in 2--3 months, whereas it may take nearly a year for the memory CD4 T lymphocytes to recover in SARS CoV infection \[[@CR9]--[@CR13]\].

Besides low numbers of peripheral lymphocytes, there is striking atrophy of the secondary lymphoid organs including the lymph nodes and spleen, confirmed by autopsy findings. Necrosis-associated lymph node and spleen atrophy, significant splenic cell degeneration, focal hemorrhagic necrosis, macrophage proliferation, and increased macrophage apoptosis in the spleen have been reported. Immunohistochemical staining showed decreased numbers of CD4 positive and CD8 positive T cells in the lymph nodes and spleen \[[@CR14], [@CR15]\].

On the other hand, monocytes and macrophages are increased, which may explain elevated levels of pro-inflammatory cytokines such as interleukin (IL)-6, IL-1, tumor necrosis factor (TNF)α, and IL-8, which in some patients turn out to be a cytokine storm, as discussed more in detail later.

The great majority of the inflammatory cells infiltrating the lungs are monocytes and macrophages. Autopsy findings showed the presence of monocytes and macrophages and a moderate amount of multinucleated giant cells associated with a diffuse alveolar injury. However, pulmonary infiltrating lymphocytes were scarce and mostly CD4 positive. These findings were not different than those reported for patients with SARS-CoV and MERS-CoV infections \[[@CR14]\].

In patients with COVID-19, elevated D-dimer levels are important and persistent elevation confers to poor prognosis. Development of DIC is another problem, characterized by prolongation of prothrombin time and activated partial thromboplastin time, high fibrin degradation products, and severe thrombocytopenia, which may be life-threatening \[[@CR16]\].

Thrombotic tendency in COVID-19 patients is probably caused by endothelial cell activation or damage due to viral binding to the ACE-2 receptor. The presence of traditional risk factors for venous thromboembolism was found to be high among COVID-19 patients. High levels of inflammatory mediators and immunoglobulins may lead to higher blood viscosity; mechanical ventilation and vascular interventions such as central venous catheterization may further induce vascular endothelial damage in severe or critically ill patients. Anticardiolipin antibody levels were also found to be high in small groups reported. The combination of all these factors may lead to deep vein thrombosis or even possibly to lethal pulmonary thromboembolism. Therefore, COVID-19-infected patients, whether hospitalized or ambulatory need early and prolonged prophylaxis with low molecular weight heparin \[[@CR9], [@CR16]\]. On the other hand, ischemic changes in the fingers and toes mimicking vasculitis have been reported in patients with severe COVID-19 \[[@CR13]\].

The quick interpretation of these issues outlined above shows that the disease starts as a simple viral infection but goes out of control after a while and progresses towards a deadly result with development of the cytokine storm and serious organ damage. To understand why and how this process occurs, and what we can do to control this process, we need to know further details of the pathogenesis of COVID-19 and cytokine storm.

Normal interactions between innate immune system and viruses {#Sec4}
------------------------------------------------------------

In the context of the normal innate immune system, macrophages, monocytes, dendritic cells, and neutrophils express a variety of pattern recognition receptors (PRRs) that detect pathogen-associated molecular patterns (PAMPs), which are expressed by infectious agents. Among PRRs, the membrane-bound family of toll-like receptors (TLRs) recognizes mainly the PAMPs in the extracellular and to a lesser account in the intracellular milieu. The triggered signaling process leads to the expression of proinflammatory cytokine-inducing transcription factors, such as NF-kB, as well as to activate interferon regulatory factors that mediate the type I interferon-dependent antiviral response \[[@CR17]\]. The second set of pathogen recognition sensors is present in the cytosol and includes another family of nucleotide-binding domain leucine-rich repeat (NLR) proteins (NLRP1, NLRP3, NLRP7, and NLRC4), the protein absent in melanoma 2 (AIM2), and pyrin. These sensors are essential for the detection of endogenous danger-associated molecular patterns (DAMPs) expressed inside the cell. Binding of DAMPs activates NLRs, triggering the formation of multiprotein cytoplasmic complexes called inflammasomes, which convert procaspase-1 to active caspase-1. Then, caspase-1 converts proIL-1β to active IL-1β, which is a very important proinflammatory cytokine \[[@CR17], [@CR18]\] (Fig. [1](#Fig1){ref-type="fig"}). It should be noted that if these signaling activation processes are kept under control, they serve for the benefit of the human body.Fig. 1Generation of inflammasome and IL-1 activation pathway

For the viruses, PAMPs are generally their nucleic acids. Viral RNA binds to endosomal TLR-3, TLR-7, and cytosolic receptors including RIG-I like receptors (RLR's). RLR family consists of three members, namely, retinoic acid-induced gene I (RIG-I), Melanoma Differentiation-Associated Gene 5 (MDA5), and Laboratory of Genetics and Physiology 2 (LGP2) \[[@CR19], [@CR20]\]. Additionally, RIG-I and MDA5 have two CARDs (N terminal caspase activation and recruitment domains). Upon binding of RNA with RLR, CARD interacts with MAVS (mitochondrial adaptor antiviral signal) protein, leading to activation of the gene coding type 1 interferons (IFNs). Type 1 IFNs play important roles in coordinating cellular immunity reactions to viral infections, thereby contributing to normal antiviral immunity \[[@CR21]\].

In normal conditions, virus-infected cells are destroyed by NK cells of the innate immunity and CD8 positive cytolytic T cells of the adaptive immunity, using perforin-mediated granulysin secretion. This leads to apoptosis of antigen-presenting cells and relevant cytotoxic T cells to avoid unnecessary activation after the antigenic activity is over. However, if a defect occurs in lymphocyte cytolytic activity, whether due to genetic problems or acquired conditions, this may lead to the inability of NK and cytolytic CD8 T cells to lyse infected and activated antigen-presenting cells, resulting in prolonged and exaggerated interactions between innate and adaptive immune cells. In this case, many pro-inflammatory cytokines, including TNF, interferon-γ, IL-1, IL-6, IL-18, and IL-33, are secreted in an unrestrained way causing a cytokine storm. The whole pathologic process starting with defects in lymphocyte cytolytic activity, going on with increased macrophage activity and whole immune system activation, resulting in a cytokine storm, ARDS, and multiorgan failure, is also called as MAS \[[@CR3], [@CR22], [@CR23]\]. This life-threatening condition is one of the major causes of death in COVID-19 patients. There is no consensus or suggestion on which terminology should be used: cytokine storm, MAS, or sHLH? We chose to use the term cytokine storm secondary to COVID-19; however, it would not be irrefutable for anyone to use MAS or sHLH terminology.

Background for MAS and cytokine storm during COVID-19 infection {#Sec5}
---------------------------------------------------------------

Among patients initially reported in Wuhan, the occurrence of MAS, cytokine storm, and ARDS were heralded by very high levels of serum pro-inflammatory cytokines and ferritin. In the past, significantly higher serum levels of IL-6, IFN-α, CCL5, CXCL8, and CXCL-10 were also detected in patients with severe SARS-CoV or MERS-CoV infections compared to those with milder infections \[[@CR24]\].

Clinical and laboratory features of MAS include sustained fever, elevated serum ferritin, and triglyceride levels, pancytopenia, fibrinolytic consumptive coagulopathy, liver dysfunction, and splenomegaly. Besides, low or absent NK cell activity, elevated serum levels of sCD25 and sCD163, and the presence of hemophagocytosis, which is defined as the engulfment of blood cells, including eryhrocytes, leucocytes, or platelets by phagocytic cells, support the diagnosis of MAS \[[@CR3]\].

Proposed predisposing factors for MAS and cytokine storm secondary to COVID-19 infection are discussed below:Impaired viral clearance

The main problem in COVID-19 infection is impaired viral clearance, like SARS-CoV and MERS-CoV infections. These viruses have some strategies to combat against host defense mechanisms. SARS-CoV and MERS-CoV could produce vesicles having double membranes without PRRs, and to replicate inside these vesicles \[[@CR25]\]. These strategies lead to impaired antiviral immune response and viral clearance. Although the PCR test is negative, the presence of virus inclusion bodies in pulmonary alveolar cells and macrophages at least for 2 weeks still supports the possibility of a failure of virus clearance \[[@CR14]\].(2)Low levels of type I interferons

Another contributing factor is low levels of type I interferons, which are indeed very important in anti-viral response and viral clearance \[[@CR21]\]. Cellular proteins that recognize viral nucleic acids are mediated by stimulating interferons during viral infections. Recognition of viral RNA by MDA5 is essential for anti-viral immunity, and deficiency of MDA5 causes a tendency for viral infections in humans \[[@CR26]\]. An accessory protein of MERS-CoV called as 4a, binds to double-stranded RNA, thereby blocking MDA5 activation and IFN induction \[[@CR27]\]. It should be noted that people who died during the 1997 H5N1 influenza outbreak showed lymphoid tissue atrophy associated with high titer circulatory cytokines, including IL-6 \[[@CR28]\]. Similar upregulation of pro-inflammatory cytokines together with downregulation of antiviral cytokine was observed in MERS-CoV infection \[[@CR29]\].(3)Increased neutrophil extracellular traps (NETs)

Neutrophils may kill the invading pathogens including viruses not only through engulfment of microbes, the formation of reactive oxygen species, degranulation, and secretion of antimicrobials but also through formation of NETs. NETs are networks of [extracellular](https://en.wikipedia.org/wiki/Extracellular) fibers, primarily composed of DNA from [neutrophils](https://en.wikipedia.org/wiki/Neutrophil) that bind and kill extracellular [pathogens](https://en.wikipedia.org/wiki/Pathogens) while minimizing damage to the host cells \[[@CR30]\]. Barnes et al. suggested that neutrophils may contribute to COVID-19 pathogenesis utilizing NETs, based upon autopsy findings. They also suggested that dornase alpha treatment may be beneficial for the management of this infection \[[@CR31]\]. Transfer of DNA fragments to extracellular space may be due to the release of mitochondrial DNA together with disruption of the plasma membrane or caused by a process known as NETosis. NETosis is a type of programmed cell death distinct from apoptosis and necrosis. Viral RNA and proinflammatory cytokines may stimulate the formation of both NETs and NETosis. Although the exact role of NETs in anti-viral immunity has not been elucidated yet, they might contribute to COVID-19 pathogenesis \[[@CR30]--[@CR32]\].(4)Miscellaneous other mechanisms:

Pyroptosis is a highly inflammatory and Caspase-1-dependent form of programmed cell death that occurs most frequently upon infection with intracellular pathogens and is part of the antimicrobial response. It has been postulated that pyroptosis with rapid plasma-membrane rupture and release of proinflammatory intracellular contents may also play a role in COVID-19 pathogenesis. Rapid viral replication that causes increased pyroptosis may lead to a massive release of inflammatory mediators \[[@CR33], [@CR34]\].

Liu et al. emphasized the importance of antibodies against spike glycoprotein (anti-S-IgG) as promoters of proinflammatory monocyte/macrophage accumulation in the lungs. They suggested that viral-specific antibody response may cause pathological changes, which may be responsible for virus-mediated lung injury \[[@CR35]\]. Golonka et al. speculated that glycoprotein S protein on coronaviruses may undergo a conformational change and enter the host cells through the Fc region of IgG. In other words, they proposed a mechanism permitting antibody-dependent enhancement of viral entrance to host cells \[[@CR32]\].

As discussed above, the corruption of hem metabolism may be one of the causes of high serum free iron levels and may contribute to inflammation \[[@CR8]\]. Recently, iron-mediated cell death, known as ferroptosis, was reported to play a role in pathogenesis miscellaneous diseases \[[@CR35], [@CR36]\]. The role of ferroptosis in COVID-19 pathogenesis and its place as a treatment target should be investigated.

Taken together, viral escape mechanisms to avoid anti-viral immunity, together with genetic or acquired defects in host defense, may impair viral clearance, resulting in MAS and inappropriate immune activation, causing ARDS and multi-organ failure. Why disease course is variable ranging from asymptomatic to lethal may be explained by genetic and host factors \[[@CR37]\]. This may also explain why the number of deaths may be high in some families. Given that genetic factors also play a role in primary HLH/MAS cases, a meta-analysis was performed to analyze both the countries where HLH/MAS cases are frequently reported and where the frequency of severe and lethal COVID-19 infections are high \[[@CR38]\]. Interestingly, geographical distributions were found to be similar. Genetic mutations causing a tendency for primary HLH may constitute a risk factor for severe disease course in COVID-19. Just the opposite, familial Mediterranean fever (FMF)-associated genetic mutations may be speculated to confer milder disease course, based upon the historical hypothesis claiming that such mutations may confer resistance to some viral and bacterial pathogens. Indeed, lower death ratios in COVID-19 infections reported from Turkey and Israel may support this speculation (based on [https://covid19.who.int/accessed in 25.04.2020](https://covid19.who.int/accessed%20in%2025.04.2020)). Interestingly, MAS occurrence is not frequent in FMF despite being an autoinflammatory disease \[[@CR39]\].

Management of the potential immunologic complications of COVID-19 infection {#Sec6}
---------------------------------------------------------------------------

Besides anti-viral agents, treatment of immunologic complications including cytokine storm using appropriate immunosuppressive and immunomodulatory drugs is essential \[[@CR40], [@CR41]\]. Currently, there is no specific anti-viral agent or vaccine available for COVID-19. However, there are many drugs, most of which are familiar to rheumatologists, which are used based on their pharmacological properties. Corticosteroids (CS), chloroquine (CQ), hydroxychloroquine (HCQ), IL-6R antagonists including tocilizumab (TCZ), IL-1 antagonists including anakinra, TNF inhibitors, and Janus kinase inhibitors are among those agents used for this purpose \[[@CR5], [@CR9]\], On the other hand, non-steroidal anti-inflammatory agents, especially ibuprofen, are not recommended in the treatment of COVID-19 infection because of the observations that they may exacerbate the symptoms by increasing the ACE-2 expression \[[@CR42]\].

Chloroquine and Hydroxychloroquine {#Sec7}
----------------------------------

These two antimalarial agents are commonly used in rheumatology practice for treating patients with rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), and Sjögren's syndrome, based upon their immunomodulatory effects. Besides anti-malarial effects, CQ and HCQ have been reported to have anti-viral activity against many viruses such as dengue, Ebola, SARS, and H5N1 in the past. Recently, they were reported also to be useful for COVID-19 and were included in the guidelines of many countries including China and Italy \[[@CR43]--[@CR49]\].

CQ and HCQ accumulate in lysosomes and raise the pH level of the endosome, which may interfere with virus entry and/or exit from host cells \[[@CR48]\]. Besides, these two agents may interfere with the ACE-2 receptors, which SARS-CoV-2 upregulate their expression and enter the cell by binding to these receptors. CQ and HCQ may reduce glycosylation of ACE-2 receptors, thereby preventing SARS-CoV-2 from effectively binding to host cells \[[@CR48], [@CR49]\]. Recently, Wenzhonget al. claimed that antimalarials might block the binding of the SARS Cov-2 virus to porphyrins and thus prevent the entering of the virus to the cell \[[@CR8]\]. Finally, they might block the production of pro-inflammatory cytokines including IL-6, thereby blocking the pathway that subsequently leads to ARDS. Whatever the mechanisms are, multicenter studies performed in China reported beneficial effects of these agents among patients with COVID-19 \[[@CR49]\]. Although there are some opposite reports, it seems that CQ and HCQ will remain as main drugs for COVID-19.

One may wonder whether rheumatology patients already receiving HCQ may be protected from COVID-19 infections. Recently, 22 patients with rheumatic diseases and receiving HCQ treatment were reported to have COVID-19 infection and one of them died. Although the results of this study have not been reported yet, it seems that prophylactic treatment with HCQ may not prevent COVID-19 infection (Twitter trial) (<https://twitter.com/rheum_covid>). We also observed that some of our patients developed COVID-19 while receiving HCQ. But rheumatic patients frequently have co-morbidities and use many other drugs as well. Also, the usual daily dose of HCQ is 200 mg, which is below the recommended dose for COVID-19. Therefore, we do not recommend prophylactic use of HCQ to prevent COVID-19 infection.

Janus kinase inhibitors {#Sec8}
-----------------------

COVID-19 may enter inside the cell by endocytosis and invade the cell. AP2-associated protein kinase I (AAK1) is a member of the numb-associated kinase (NAK) family, which serves as a clathrin-mediated endocytosis regulator, and AAK1 inhibitors may prevent viral entry into the cell \[[@CR40], [@CR50]\]. Baricitinib is an inhibitor of the JAK-STAT pathway, which is used for suppressing proinflammatory cytokine production and systemic inflammation in RA. Baricitinib is also a NAK inhibitor, with a particularly high affinity for AAK \[[@CR40], [@CR51]\]. Based upon this basic data, Stebbing J et al. suggested that baricitinib2--4 mg daily may be combined with antiviral treatment in severe COVID-19 infections \[[@CR40]\]; however, inhibition of IFN production as a result of concomitant JAK-STAT pathway blockage may cause impairment of anti-viral immunity \[[@CR52]\]. On the other hand, tofacitinib cannot inhibit AAK1 and is not recommended for this purpose \[[@CR40]\]. The tendency for general infections and the possibility of diverticulitis are other disadvantages of JAK inhibitors \[[@CR50]\].

Interleukin-6 inhibitors {#Sec9}
------------------------

As mentioned above SARS and COVID-19 infections may cause MAS and cytokine storm. T lymphocytes are hyperactivated, and there is an enormous amount of pro-inflammatory cytokines including IL-6 and IL-1, which contribute to vascular permeability, plasma leakage, and DIC, thereby causing pulmonary damage and ARDS, as well as multi-organ failure \[[@CR22]\]. Cytokine storm and related similar problems are also observed after the chimeric antigen receptor T cell (CAR-T) treatment \[[@CR53]\].

TCZ is a humanized anti-IL-6 receptor antibody, inhibiting IL-6. TCZ is currently used not only for therapy of RA, temporal arteritis, and many other autoimmune rheumatic diseases \[[@CR54]\] but also for the treatment of the cytokine storm, which may be induced by CAR-T treatment \[[@CR53]\].

Based on these observations, TCZ treatment was also tried in patients with severe SARS-CoV-2 infection complicated with cytokine storm and ARDS. Retrospective studies from China reported the resolution of fever and hypoxemia and improvement in serum CRP levels and pulmonary CT findings \[[@CR40], [@CR41], [@CR55]--[@CR57]\]. Our own experience is also consistent with these reports. For the treatment of cytokine storm, the recommended TCZ dose is 8 mg/kg IV as single or divided two doses by 12--24 h intervals(maximum dose 800 mg). Tendency for general infections, hepatotoxicity, hypertriglyceridemia, and the possibility of diverticulitis are the main disadvantages of TCZ treatment \[[@CR58]\].

Interleukin-1 inhibitors {#Sec10}
------------------------

As mentioned above, IL-1 is another proinflammatory cytokine playing a dominant role in a cytokine storm, and SARS-CoV-2 may cause pyroptosis by IL-1β \[[@CR5]\]. Anakinra is a recombinant IL-1R antagonist (rHIL-1Ra) and is the first IL-1 blocking biologic agent produced. Anakinra blocks the binding of both IL-1α and IL-1β to IL-1R, thereby inhibits the proinflammatory effects of IL-1 \[[@CR59]\]. Anakinra was found to be beneficial in patients with severe sepsis without significant adverse effects based upon the data of phase 3 randomized clinical trial \[[@CR60]\]. The recommended SC adult dose of anakinra ranges from 100 to 200 mg daily to 100 mg three times weekly; the pediatric dose is 1 mg/kg daily. The bioavailability of SC injections is 95%with a half-life of 4--6 h. In the presence of renal failure (GFR \< 30 ml/min), it should be given in every 2 days. Hepatic disease does not require dose adjustment. Unlike TCZ, anakinra does not inhibit CRP synthesis directly; therefore, serum CRP levels can be used to follow up systemic acute phase response \[[@CR59]\]. Another molecule produced for IL-blockage is canakinumab, which is a high affinity, fully humanized, monoclonal anti-IL-1β antibody with IgG1/κ isotype. Following SC injection of 150 mg, peak serum concentration is achieved in 7 days. The recommended dose interval is every 2 months \[[@CR59]\]. The third molecule developed for IL-1 blockade is Rilonacept, which is a recombinant soluble IL-1 receptor. The half-life of rilonacept is 6.3--8.6 days. The recommended loading dose is 2.2 mg/kg, with the maximum dose of 160 mg; the maintenance dose is half of the loading dose weekly \[[@CR61]\]. The use of canakinumab or rilonacept for severe COVID-19 infections has not been reported yet.

TNF-α inhibitors {#Sec11}
----------------

TNF-α is a key proinflammatory cytokine contributing to various acute and chronic inflammatory pathologies, including some autoimmune diseases and septic shock. Anti-TNF agents are commonly used for the treatment of rheumatoid arthritis, ankylosing spondylitis, and psoriatic arthritis. While serum TNF-α levels were moderately elevated in patients with SARS, much higher serum levels were observed in patients with COVID-19 infection, positively correlated with disease severity. Although anti-TNF treatment was suggested as a potential treatment for COVID-19, there is no sufficient data \[[@CR40], [@CR41]\].

Corticosteroids {#Sec12}
---------------

Systemic corticosteroid (CS) treatment is controversial in severe ARDS; nevertheless, many physicians use this treatment in patients with severe viral ARDS. Its use is not recommended for patients with COVID-19, based on the data from patients with H1N1, SARS, and MERS \[[@CR5]\]. International guidelines recommend using moderate doses of systemic CS treatment for a short time, only when hemodynamic parameters are not improved following fluid replacement and vasopressor support \[[@CR40], [@CR41]\]. Current use of systemic corticosteroid treatment during COVID-19 infection is limited to patients having lethal complications related to cytokine storm such as ARDS, acute cardiac injury, renal failure, and to those patients with higher serum levels of D-Dimer. Since, there is no positive evidence coming from randomized clinical trials, WHO guideline dated March 13, 2020 does not recommend using systemic CS treatment for patients with COVID-19 routinely \[[@CR62]\]. In our opinion, methylprednisolone 40 mg once daily for 4--5 days, in addition to TCZ treatment, may be helpful during cytokine storm and may also help to avoid rebound after TCZ.

Intravenous immunoglobulin (IVIG) {#Sec13}
---------------------------------

IVIG contains the pooled polyclonal immunoglobulin G (IgG) supplied from the plasma of approximately a thousand or more healthy blood donors. In clinical practice, IVIG is used in patients with immune deficiencies for the treatment of infectious diseases, as well as in treatment-resistant patients with autoimmune diseases as an immunomodulatory agent. Previous favorable experience from patients with SARS and MERS suggested the use of a high dose of IVIG (0,3--0,5 g/kg) in patients with serious COVID-19 infection in the early phase of the disease \[[@CR63], [@CR64]\]. Anticoagulation and hydration should not be overlooked for increased tendency to thrombosis during IVIG treatment for COVID-19 patients.

Colchicine {#Sec14}
----------

Colchicine is an anti-inflammatory and immunomodulatory agent, commonly used for the treatment of gout, FMF, and Behçet's syndrome for a long time. Colchicine was suggested to be useful for the treatment of some complications of COVID-19 infection, based on its ability to inhibit IL-1 production \[[@CR41]\]. COLCORONA (Colchicine Coronavirus SARS-CoV2) trial is a phase 3, multi-center, randomized, double-blind, placebo-controlled multicenter study to evaluate the efficacy and safety of colchicine in adult patients diagnosed with COVID-19 infection and have at least one high-risk criterion. Currently, the results of this study have not been reported yet ([ClinicalTrials.gov](http://clinicaltrials.gov) Identifier: NCT04322682).

Other treatments {#Sec15}
----------------

Many other drugs and interventions were also proposed for the treatment of COVID-19 and its complications. The use of low molecular weight heparin (LMWH) or unfractionated heparin, at doses indicated for prophylaxis of venous thromboembolism, strongly advised in all COVID-19 patients hospitalized. If patients have a contraindication for anticoagulation, they should be treated with lower limb compression \[[@CR65]\].

For the prevention and treatment of cytokine storm and possible lung fibrosis after COVID-19 pneumonia, mesenchymal stem cells (MSCs)-based immunomodulation treatment has been proposed as a suitable therapeutic approach. For this purpose, many studies are currently ongoing \[[@CR66]\]. Leng et al. concluded that IV transplantation of MSCs was safe and effective in patients with COVID-19 pneumonia, especially for those in critically severe conditions \[[@CR67]\]. However, currently, there are no approved MSC-based approaches for the prevention and/or treatment of COVID-19 patients, but the first results of clinical trials seem promising.

Immune plasma transfusion, which is a passive immunization way, is an old method used in the treatment of many infections. Experience with SARS-CoV infection showed that this treatment could work when given to the appropriate patient or even to family members caring for COVID-19 patients at home \[[@CR68]\]. However, based upon the experience from SARS-CoV and MERS-CoV infections, there is a risk of antibody-mediated disease enhancement after hyperimmune globulin transfusion \[[@CR69]\].

Discussion and conclusion {#Sec16}
=========================

In this short review, the relation between pandemic COVID-19 infection and its immunologic complication MAS was briefly debated. The mechanisms involved in cytokine storm development and why this complication occurs in some patients during COVID-19 infection were discussed and possible therapies reviewed. This study has some limitations. Firstly, the literature about COVID is changing at great speed and the Chinese literature could not be included in the manuscript. The lack of standard published studies and the differences in the treatment approaches between Chinese and Western sources (such as Chinese medicine) remained an obstacle for making correct recommendations.

Although SARS-CoV-2 infections may be asymptomatic or cause only mild symptoms in most of the cases, immunologic complications such as MAS and cytokine storm may occur in some cases. Impairment of SARS-CoV-2 clearance due to genetic and viral features, lower levels of interferons, increased neutrophil extracellular traps and NETosis, and increased pyroptosis create a background for such complications. The presence of genetic mutations causing a tendency for primary HLH may constitute a risk factor for severe disease course in COVID-19.

Once, immunologic complications like MAS/HLH occur, anti-viral treatment alone is not enough and should be combined with appropriate anti-inflammatory treatment. Early recognition and appropriate treatment of MAS and cytokine storm will decrease the morbidity and mortality in COVID-19 infection, which requires the collaboration of infectious disease, lung, and intensive care unit specialists with other experts such as immunologists, rheumatologists and, hematologists.
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